We explore key mechanical responses of the layered microstructure found in selected parts of the exoskeletons (pronotum, leg and elytron) of P opillia japonica (Japanese beetle). Image analyses of exoskeleton cross-sections reveal four distinct layered regions. The load-bearing inner three regions (exocuticle, mesocuticle, and endocuticle) consist of multiple chitin-protein layers, in which chitin fibers align in parallel. The exocuticle and mesocuticle ~ave a heli~oidal s.truc~re , where the stacking sequence is characterized by a gradual rotatiOn of the fiber onentatwn. The endocuticle has a pseudo-orthogonal structur~, where two orthogonal layers are joined by a thin helicoidal region. The mechamcs-based analyses suggest that, compared with the conventional cross-ply structure, the pseudo-orthogonal configuration reduces the maximum tensile stress over the exoskeleton cross-section and increases the interfacial fracture resistance. The coexistence of the pseudo-orthogonal and helicoidal structures reveals a competition between the in-plane isotropy and the interfacial strength in nature' s design of the biocomposite.
I. INTRODUCTION
The hard exoskeleton of a beetle is an important part of the arthropod's body. It has outstanding structural proper ties with multifunctional capabilities, such as supporting the body weight, filtering chemicals, and resisting external loads (e.g., enemy attack). The multifunctional properties are obtained by constructing an intricate, hierarchical structure, using primarily the biopolymers chitin along with associated proteins. 1 • 2 Thus, the exoskeleton is a mul tifunctional biological composite. Unlike the mineralized exoskeletons of crustaceans such as H omarus americanus (American lobster) and Callinectes sapidus (Atlantic blue crab), 3 the majority of insects do not have a significant amount of minerals (e.g., calcite) in their exoskeletons. Minerals would make insects too heavy to fly. 1 •
2
The exoskeleton of a beetle is typically divided into four regions: the epicuticle, exocuticle, mesocuticle, and endo cuticle.
'
4 The outermost region, the epicuticle, is the thin nest region (typically less than 1 ~J.m) and consists of lipids and proteins. It acts as a diffusion barrier and is not load-bearing.
2 The remaining exoskeleton (exocuticle, mesocuticle, and endocuticle) provides the load-bearing capacity. Here, the major building materials are chitin fibers , and the associated proteins are supplemented with lipids, pigments, inorganic materials, and water. and forms microfibrils with a diameter of approximately 2 to 3 nm. 10 The microfi.brils and the surrounding protein matrix (elastic modulus less than l GPa 6 ) form a compos ite structure.
2 '
11 Furthermore, bundles of microfibrils are assembled to form the so-called "macrofibrils," which can be observed under electron microscopy.Z· 12 The macrofi brils usually align with each other to form layers parallel to the exoskeleton surface, and these layers are organized with specific patterns to construct the exoskeletons. It is interesting to note that similar patterns can be found in species ranging from insects, such as beetles, to crusta ceans, such as crabs, lobsters, crayfish, and to (for exam ple) ancient species (but still with existing), such as 3 13 18 "armored fish. " 1 -• Because the exoskeleton consists of relatively simple constituent materials (chitin, proteins, water and/or minerals), the complex hierarchical structure is crucial to achieve the excellent mechanical properties and versa 8 13 19 tility of the exoskeletons.
• • •
The relationship be tween the microstructure and the mechanical responses have been studied both experimentally and theoretically in a variety of exoskeletons including gastropod mol 20 5 1 17 21 23 luscs, 19 ' armored fish, 13 and arthropods.
• • 4--•
A common configuration of arthropod exoskeletons, in 16 23 14 15 17 22 cluding crustaceans, 3 • • and insects, 5 • · • • is the chitin-based layered structure forming a "helicoidal" pattern. load . 3 In addition to the he licoidal structure, there are additional structural arrangements, uch as the cross-ply d . fl perpendicular to the surface, 22 that contn ute an m u ence the overall mechanical response. The transverse pore canal fibers that we found in lobsters and crabs have been shown to increase the inte rlaminar strength of the layered exo keletons. 3 The objective of this study is to investigate the unique hierarchical microstructure and its implication on the mechanical behavior of the exoskeleton of Popillia japonica. Although this is now a common insect in the United States, to the knowledge of the author , its mi crostructure has not been investigated previously. We ultimate ly strive to understand nature's structural design principles and to use the e designs in creating and fabri cating bioin pired man-made material and structures.
In the following sections, we first examine the micro tructure of the P. japonica exo keletons at three loca tions of the arthropod body (pronotum, leg, and e lytron) by using scanning and transmission electron micro scopes (SEM and TEM). The detailed microstructure of the P. japonica is established by analyzing the images, augmenting the current knowledge on the exoskeletal microstructure of insect exoskeleton (see for example Refs. 4, 14, 17, and 22) . Ba ed on the image analyses, mechanics-based modeling, using the finite e lement analysis and analytical me thods, i then perform ed. The mechanics-based simulations and parametric studie re veal the importance of the morphology on the mechan ical behavior of the exo keleton. With our ultimate goal being to develop a man-made, bioinspired structure, the mechanic -based evaluation is pre ented in general, nondimensionalized terms and doe not focu on captur ing the exact mechanical properties of the P. japonica.
II. IMAGE ANALYSIS

A. Sample preparations
The exoskeleton investigated are from species of the P. japonica (Japanese beetle) that were collected during July and August 2008 in local gardens and parks in ew ark, De laware, and stored in 70% ethanol alcohol (ETOH) at 4 oc. Representative samples of exoskeletons were obtained from three locati ons of the P. japonica body: pronotum (back cover) and leg and elytron (wing cover) (Fig. 1) . The sample were divided into two groups (10 samples per group) for each location and prepared for either SEM or TEM:
(i) SEM: cuticles from the first group were placed in 95 % ETOH immed iately after be ing dissected from the investigated locations. The cuticles were then dehy drated in I 00% ETOH and I 00% anhydrous ETOH for 30 min each, followed by critical point dehydration The exocuticle, mesocuticle, and endocuticle are the main load bearing struclllres composed of fibrous chitin-protei n fibers organized as e ither helicoidal (exo-and me ocuticle) or pseudo-orthogonal (endocutic le) structures. ration. Rockville, MD), 3 before the samples were frac tured by using forceps and single-edge razor blades. Due to the difficulty in frac turing the mall samples, oblique sections were commonly obta ined. The fractured sam ples were mounted onto aluminum LUbs with conductive il ver paint (Electron Microscopy Sciences, Hatf ield, PA), coated with Gold/Pall ad ium (Denton Bench top Turbo II1 sputter-coater; Denton Vacuum LLC, Moores town , NJ), and observed by using a SEM (Hitachi 4700 FESEM; Hitachi Ltd., Tokyo, Japan).
(ii) TEM: following the method of Lindley, 24 cuticles from the econd group were placed in 80% ETOH imme diately after dissection. T he cuticles were then left in 80% ETOH with I% y-glyc idoxypropyltrimethoxysilane over night as an adhesion promoter between the specimen outer surface and the embedding resin. The treated sample · were placed in 100% LR White resin at 4 oc for three consecutive days and polymerized at 60 oc for 48 h in an oxygen-free environment in a s t~md ard incubator (Bam stead Thermolyne, Type 19200; H&C Thermal Sy tems. Col um bia, MD). Blocks of resin containing the samples were trimmed and microwaved for 2 min in 60 mL of water to en ure cross-polymerization of the resin within the samples. microtome (Reichert-Jung Ultracut E ultramicrotome; Labequip Ltd., Markham, ON, Canada) to obtain sections (60-80-nm thick) in three directions: cross-sections, sec tions parallel to the outer surface, and oblique sections. These sections were collected onto formvar carbon-coated copper grids, stained with methanolic uranyl acetate and lead citrate,2 5 and observed with a TEM at an accelerating voltage of 80 kV (Zeiss CEM 902 TEM; Carl Zeiss AG, Oberkochen, Germany).
B. Microstructural observations
Observations of the P. japonica exoskeletons reveal an overall similar morphology for all the investigated locations, including the four distinct layered regions: the epicuticle, exocuticle, mesocuticle, and endocuticle (Figs. 1 and 2). A transverse pore canal system is also observed, running perpendicular through the exoskele tons (Fig. 3) . The key features and measurements of the exoskeletons are summarized in Table I and discussed in detail below.
The overall thickness of the exoskeleton of the P. japonica varies from 18 to 32 11m at the three loca tions, with the thickest to the thinnest being pronotum (28-32 11m), leg (19-23 11m) , and elytron (18-20 11m) . The thicknesses of the epicuticle, exocuticle, mesocuti cle, and endocuticle increase monotonically from the outer surface and inward ( Table 1 ). The epicuticle is not load-bearing and will not be discussed further. We focus on the loading-bearing regions (the exocuticle, mesocu ticle, and endocuticle) in this study. The morphology of the endocuticle is fundamentally different from those of the exo-and mesocuticle (Fig. 2) . We first present the helicoidal structural patterns found in the exo-and mesocuticles and then describe the unique pseudo-or thogonal pattern found in the endocuticle. (Analyzing the structures using SEM and TEM does not reveal how the exoskeleton develops two characteristic morpholo gies. Examination at selected times during the develop ment of the exoskeleton could help establish the mechanisms for the formation of the two morphologies. However, this theory is beyond the scope of the current work.) We also briefly discuss the pore canal system.
Helicoidal structure
The exocuticle and mesocuticle are both constructed by a helicoidal structure, wh'ich is sometimes referred to as the "Bouligand" structure?· 12 The exocuticle is thin ner than the mesocuticle (see Fig. 2 and Table I ) . For example, in the elytron the exocuticle thickness is 1. sapidus that we investigated in our previous study. 3 In this structure, the layers stack successively on each other, with each layer rotated unidirectionally by a small angle about its nor mal direction relative to the adjacent layer. The repeat ing unit is termed "180° -stack" in Fig. 1 . The stacking sequence results in an apparent parabolic pattern in the oblique sections of the cuticles. Series of parabolic curves can be observed under TEM from oblique sec tions [ Fig. 3(a) ], with each "full parabola" conesponcling to an l80o-clegree accumulated rotation of layers? · Despite sharing the same structural patterns, the heli coidal 180° stacks in the exocuticle are denser and thin ner than those in the mesocuticle (Table I) Table I ].
Pseudo-orthogonal structure
The endocuticle is the thickest region, constituting more than half of the total thickness of the exoskeletons for the three studied locations [ Fig. 2(a) ]. It is interesting to note that the endocuticle has a distinctly different structure from the helicoidal structure in the exo-and mesocuticles. Here, the chitin-protein layers stack to gether unidirectionally, forming a relatively thick layer [e.g., approximately 1-j..lm thick in the elytron (Table I) ]. Successive unidirectional layers stack onto each other orthogonally. Consequently, it resembles the common man-made cross-ply laminate [ Fig. 2(d) ]. However, there is a thin transitional region (e.g., 0.1-0.2-j.lm thick in the elytron) between two adjacent orthogonal layers, where the fibers in the transitional region appeared to be arranged helicoidally. The transitional region bridges the orthogonal structure, with a helicoidal 90° rotation [ Fig. 4(c) ]. The overall structure was named the "pseudo orthogonal structure" by researchers who found a similar structure in adult locust and beetle cuticles. 
Pore canals and pore canal fibers
Through-the-thickness pore canal system is an impor tant characteristic of the beetle cuticle, similar to the C. sapidus and H. americanus. 3 The pore canals are oval-shaped, formed by the opening and closing of the chitin-protein macrofibril branches in each layer, result ing in a "twisted ribbon" geometry through the thickness 26 of the two helicoidal regions. 
Ill. THE STRUCTURES' IMPLICATIONS ON MECHANICAL BEHAVIOR
As described above, P. japonica exoskeletons are natural biocomposites constructed by a protein matrix reinforced with chitin fibers. The most distinctive structural feature found in the exoskeletons is that the chitin-protein layers (lamina) are organized in either helicoidal or pseudo-orthogonal patterns, as described in the previous section. The mechanical response of the helicoidal structure and of the pore canal system was discussed in our previous study . 3 In summary, a heli coidal structure containing a relatively large number of layers results in a high level of in-plane isotropy, providing isotropic structural responses in the plane of loading. Furthermore, the pore canal system increases the interlaminar strength of the layered structure con stituting the exoskeleton. 3 In the following text, we focus our modeling effort on the pseudo-orthogonal structure found in the endocuticle of the P. japonica exoskeleton. Models for the mechan ical analysis are based on our understanding of the micro structure derived from our image analysis and from literature. The distinctive pseudo-orthogonal pattern is incorporated into the models to exp lore its implications on the mechanical behavior of the functional structure. It is well established that the material properties of biocom posites are influenced by many factors. Besides the com plex hierarchical structures, the composition, and spatial 27 28 distribution of the materials, 5 · · interactions among different components (e.g., extent of chitin-protein in 29 30 teraction , strength of interphase bonding), 5 · · and hy 15 22 dration status 5 • • • 3 1 all directly influence the material properties. More elaborate multiscale modeling involv ing nonlinear mechanism and interfacial molecular in 33 teractions, 32 · as well as experimental characterization of the material composition and spatial distribution 22 27 3 1 along with measuring the mechanical properties 20 · · · are needed to fully characterize the material structure property relationship of the investigated exoskeleton. However, to elucidate how the microstructure influences the mechanical response , we use the assumptions of line ar elasticity and continuum mechanics. In this approach , all factors that affect the material properties are condensed into the "apparent" material properties and do not have to be modeled explicitly. The elastic material parameters are derived from available data based on classic continu um mechanics and laminate composite theory , which satisfactorily represent the structure' s mechanical char acteristics at lamina scale ? Moreover, our results are presented in the nondimensiona!i zed forms to emphasize the coherent structure-property relationship rather than the absolute values of individual parameters. This ap proach highlights the effect the microstructure has on the overall mechanical response and will provide impor tant guidelines when developing man-made, bioinspired structures.
A. Models and model parameters
The major difference between the conventional cross ply pattern and pseudo-orthogonal pattern is the thin helicoidal transitional region that joins two adjacent or thogonally stacked unidirectional layers. We construct two models to compare the two structures:
(i) A "conventional" cross-ply configuration, charac terized by successive unidirectional fiber-reinforced laminae stacked together with 90° directional change about the normal direction. For simplicity, only two layers (0 and 90° orientation) of equal thickness are included in the model [ Fig. 5(a) ].
(ii) A pseudo-orthogonal configuration, where a heli coidal transitional region is inserted between the two orthogonal (0 and 90° orientation) layers [ Fig. 5(b) ]. Two sets of submodels are used:
(a) constant thickness of the transitional region (the same thickness as the orthogonal layer), where the num ber of transitional lamina are varied from 1 to 50 lamina. discussed below (the thickness of each individual lamina changes), and (b) variable thicknesses of the transitional region , where the number of transitional lamina is constant (we selected 10 lamina, discussed below) . The thickness of the transitional region corresponding to I 0, 20, and 33% of the overall thickness is investigated.
Each submodel assumes a uniform lamina thickness and rotation angle between adjacent laminae in the heli coidal transitional region. The number of laminae in the transitional region cannot be directly identified from our TEM images. Based on the thickness of the transitional region (approximately 0.1 -0.2 ~Lm in the elytron) and the thickness of a single lamina (approximately 20-40 nm , assuming a lamina consists of one layer of macrofibrils), we estimate the number of lamina to approximately 10. The number of transitional lamina corresponds to a spe cific angle of rotation between adjacent laminae. To predict the influence of the transitional region on the mechanical response of the structure , the number of the laminae is varied from l to 50 in the transitional region (mode l iia above). The thickness of the helicoidal re gion is enlarged from the original biolaminate config uration [ Fig. 5(b) ] to (i) highlight and focus on the mechanical response of the transitional region, which distinguishes the pseudo-orthogonal from the traditional cross-ply configuration, and (ii) possibly extend the in terpretation to potential engineering applications with various transitional region ratios as demanded by func tionality or manufacturing.
To elucidate and compare the mechanical response of these structures, we investigate the stress and strain fields of both models of a constant overall laminate thickness under a general load configuration, as shown in Fig. 5 . In the linear elastic range, the equations relat ing the shear stresses (strains) to the shear force are uncoupled from the equations relating normal stresses (strains) to the bending moment. In other words, within the linear elastic range, ~hear stresses (strains) and nor mal stresses (strains) can be determined without the knowledge of how the shear force is related to the bend ing moment at the cross-section considered. Therefore, the study of the structure's mechanical response will not be confined to a specific external load; instead, we will simply consider a cross-section subjected to the arbitrary shear force V and bending moment M (Fig. 5) .
As previously mentioned, we use a continuum me chanics approach, implicitly incorporating all relevant factors, such as interaction between components (e.g., the interaction between chitin fiber and protein matrix), the specific component proportion, and the water con tents, into the apparent material properties? Thus, only the lamina properties are used in the following analyses. The lamina properties are characterized by a signifi cantly higher elastic stiffness in the fiber direction com pared to the two transverse directions (in-plane and out-of-plane) due to the high stiffness of the reinforcing fiber along the fiber direction. The normalized nominal lamina material properties are listed in Table II . The elastic properties of the stacking laminae (orientated from 0 to 90°) are obtained based on the classic lami nate theory. (A brief summary of the "classic laminate theory" used here is presented in Appendix A.) Although comprised of the same material components, the prop erties of the laminae measured in a global coordinate system (denoted as 1, 2, 3) depend on the local orienta tion of the fibers (Appendix A). Furthermore, due to the asymmetry resulting from the helicoidally transitional region, the bending-stretching coupling stiffnesses B;j are retained in the constitutive equations, and thus a closed form analytical solution is not available. 34 Finite element analysis is implemented by using the commer cial FE software ABAQUS 35 to model the problem. For simplicity, plane strain conditions are assumed and the model is constructed with 1000 (leng;th) x 300 (thick ness) plane-strain elements, CPE8R.
Interfacial strength is a major concern of laminated composites. Thus, in addition to establishing the stress and strain fields , the interfacial strength of the structure will be qualitatively addressed with a simple linear elas tic fracture mechanics (LEFM) approach.
B. Results and discussion
Stresses and strains in the laminate
The numerical results reveal a clear advantage of the pseudo-orthogonal compared with the cross-ply con figuration by distinct redistributions of the stress and strain fields within the structure, as summarized in Figs. 6 and 7 .
First, consider the normal stress and strain distribution over the laminate cross-section. We show with a simple analytical approach in Appendix B that the normal strain must be continuous, but that the normal stress cannot be continuous over the interface between two laminates (within the assumption of continuum mechanics). This discovery is captured by the numerical simulations, where the normal strain distribution is continuous over the interfaces for both configurations [ Fig. 6(b) ] and the discontinuity of the normal stress appears as a "jump" in the curves [ Fig. 6(a) ]. The conventional cross-ply lami nate exhibits a large jump; that is, there is a large differ ence between the stresses over the interface. [We note that within the continuum mechanics approach, the inter face is infinitely small. If a multiscale approach were adopted, this interface would have a defined thickness. The discontinuity seen in the current simulations would typically be absorbed by the interface in terms of a steep gradient over its thickness. However, this reaction would only change the details, not the overall response of the structure investigated (assuming that the materials and structural properties are consistent between the approaches).] This effect is due to the large stiffness mismatch across the interface (Appendix B). For the pseudo-orthogonal laminate, the discontinuities remain, but the jumps are significantly smaller and decrease with the increasing number of transitional layers (e.g. , de creasing rotation angle between the transitional helicoi dal laminae) [ Fig. 6(a) ] . The decrease is directly related to the decrease in stiffness mismatch over the adjacent laminae. Thus, for the pseudo-orthogonal structure, the transitional region reduces the discrete change in the stiffness between the orthogonal layers and therefore "smoothes" the stress discontinuities. Increasing the number of laminae in the transitional region decreases the rotation angle. This effect, in turn, decreases the change in stiffness across the interface. Consequently, the normal stress distribution through the thickness approaches a continuous profile when the number of transitional laminae increases (keeping the overall thick ness constant). The maximum tensile stress along the laminate · cross-section is significantly reduced for the pseudo orthogonal structure [Figs. 6(a) and 8] . The redistribu tion of the normal stress field shifts the maximum load from its location in the oo -orientation layer near the interface to the laminae in the transitional region. Therefore, the transitional region effectively reduces the maximum tensile stress, resulting in a more uniform tensile stress distribution. The results also suggest that the maximum tensile stress is reduced with the increasing number of transitional laminae, but no further reduction appears to be achieved be yond approximately 10 laminae (Fig. 8) . This result is interesting, because our experimental observation sug gests that the transition region ( ""0.2-J-!m thick) con sists of approximately 10 laminae of macrofibrils ("-'20 nm). Consequently, our simulations are consis tent with the observed structures created by nature. Next, consider the transverse shear stress and strain distribution over the laminate cross-section. Unlike the normal stress and strain, the transverse shear stress remains continuous over the interfaces, whereas the transverse strain is discontinuous (Appendix B). As expected, this reaction is captured by the numerical simulations. The numerical results suggest that the trans verse shear stress distribution is almost independent of the number of laminae in the transitional region [ Fig.  7(a) ]. However, the transverse shear strain shows a simi lar response to that of the normal stress, including a discontinuity over the interfaces. The magnitude of the discontinuity decreases with the increasing number of laminae in the transitional region [ Fig. 7(b) ]. A distinct redistribution of the shear strain is observed when intro ducing the pseudo-orthogonal structure compared with the cross-ply structure. The maximum transverse shear strain in the transitional region of the pseudo-orthogonal structure is in general lower than that of the strain level of the cross-ply laminate [ Fig. 7(b) ]. In particular, by adopting the pseudo-orthogonal structure, the transverse shear strain in the structure is rearranged such that a part of the highest shear deformation concentrated in the 90° layer near the interface is shifted to the transitional re gion. This shift releases a portion of the material from bearing excessive transverse shear deformation and achieves a more uniform transverse shear strain field.
So far, the thickness of the transitional region has been assumed to be constant. We will now investigate how the thickness of the transitional region influences the structural response. Three models with constant overall thickness, but various thickness of the transition al region (33, 20 , and 10% of the overall laminate thick ness), will be investigated. The number of laminae in the transitional region is fixed to 10 laminae (estimation for the elytron sample). The results suggest that the maxi mum normal stress decreases with increasing thickness of the transitional region (Fig. 9) . As expected, the mag nitude of the jump remains constant [see Eq. (All) in Appendix B]. The result suggests that even when the thickness of the transitional region is only 10% of the entire structure, significant advantages of the pseudo orthogonal structure can be obtained. This thickness of the transitional region closely corresponds to that of the biomaterial studied: in the endocuticle of the elytron, the thickness of the unidirectional layer is approximately 1 J..Lm and the transitional region is 0.1 to 0.2 J..Lm (5-10% of the overall thickness of the pseudo-orthogonal struc ture). As shown in Fig. 8 , with decreasing thickness of the transitional region, the pseudo-orthogonal structure's ability to reduce the magnitude of the discontinuity in the normal stress and shear strain is reduced. However, in practical engineering application, a thin transitional region may not be an optimum mechanical solution.
Fracture mechanics considerations
More insight to the structural response may be gained by considering the interfacial fracture resistance. The strain energy release rate, G, is typically used as a mea sure of the "crack driving force." The strain energy re lease rate is a structural parameter, determined by the applied load, the stiffness, and geometry of the structure, and the characteristics of the crack. Fracture occurs if G 2: Gc• where Gc is the critical energy release rate or the fracture toughness. This is a material property, thus its value can only be determined via experimental mea surements of the structure investigated. We will limit the investigation here to the structural property G, and we will show that G decreases when the stiffness mismatch between two adjacent layers decreases. In other words, a layered structure is more resistant to fracture when the stiffness mismatch between two adjacent layers is low. A full investigation involving the measurement of the frac ture resistance is beyond the scope of the current work. For simplicity, we will limit the analysis to a split beam, split with a crack of length a in the geometric centerline, subjected to tensile loads [An interface is always associated with mode-mixity. The load case con sidered here corresponds to a dominate mode II loading (in-plane shear). To keep the analysis simple, we do not decompose the results into mode I ("crack opening") and mode II.], as shown in Fig. 10 . This simple model cap tures the basic features of the laminated biocomposite. Within the framework of LEFM, the strain energy re lease rate (G) of the structure with the applied load (as shown in Fig. 10 ) can be expressed as (detailed in Appendix C): as a function of the stiffness mismatch, E JE 2 , between the adjacent materials is shown in Fig. 11 for a range of load combinations,~= PdP 2 . It is clear from the figure that an increased stiffness mismatch results in an increased strain energy release rate for the considered load condition (Fig. 11) . Similar results are obtained for alternative load conditions (e.g., shear-force, bending moments, and com bined loading), but are omitted here for brevity. These results can be used to compare the cross-ply and pseudo-orthogonal structures. The cross-ply struc ture is characterized by a large stiffness mismatch over the interface compared with the pseudo-orthogonal structure. Thus, for a given load, the cross-ply will result in a larger strain energy release rate than that of the pseudo-orthogonal structure. Furthermore, with the in creasing number of transitional lamina, the strain energy release rate will be further reduced as a direct result of the reduction of the stiffness mismatch across the inter face (Fig. 11) . Moreover, the results can be extended towards the helicoidal structure in the exo-and mesocu ticles. In the helicoidal regions, the gradual rotation of the lamina imposes a consistent small stiffness change between the lamina. According to the model presented here, this effect will result in a relatively high fracture toughness resistance throughout each region. 
Synopsis
The modeling results suggest that the pseudo-orthogo nal structure improves the mechanical behavior of the entire structure. The maximum normal stress and the jump in both the normal stress and transverse strain are reduced when the transitional region is introduced. The simple fracture mechanics analysis indicated that the in terfacial strain energy release rate is reduced when the difference in stiffness between two adjacent layers is reduced. Assuming that the intrinsic strength of the in terface remains unchanged (since the interfacial strength depends mostly on the "matrix material" that keeps the layers together), a decreasing energy release rate corre sponds to an increase in structural strength. This result is in agreement with analysis of composite structures that suggest that a lower stiffness mismatch between adjacent layers increases the debonding strength of the struc ture.36 Thus, we believe that the pseudo-orthogonal structure is a more durable structure than the traditional cross-ply structure. However, information about the al lowable load (e.g., force, stress, or deformation) along specified directions or the interfacial strength is not available from the literature (to the knowledge of the authors). Systematic experiments and rigorous microme chanical analysis must be carried out to obtain such information, including the allowable normal stress or strain in principle direction and shear stress or strain in plan and out-of-plan. This is beyond the scope of current study and will be investigated in a future study.
The coexistence of the pseudo-orthogonal structure and helicoidal structure in the exoskeleton suggests a competition between the in-plane isotropy and the inter facial strength in nature's design and manufacturing of the biocomposite.
(i) The pseudo-orthogonal structure exhibits an over all response similar to that of a cross-ply structure, e.g., in-plane isotropy. The relatively low resistance of the traditional cross-ply structure to interfacial fractures is mitigated by the transitional region.
(ii) The helicoidal structure exhibits (almost) in plane isotropy, 3 but there is a coupling between stretch ing and bending that may induce large deflection and stresses. However, the helicoidal structure has a rela tively high resistance towards interfacial debonding, because the stiffness difference between each layer is low.
Thus, we propose that the helicoidal structure is designed as a compromise between the need for high interfacial strength of the laminate and isotropic re sponse. The presence of the two structures in the exoskeletons is most likely a manifestation of the compe tition between the two performance aspects, where the pseudo-orthogonal structure provides an overall isotro pic structure with "acceptable" interfacial strength, whereas the helicoidal structure provides overall high interfacial fracture strength with an acceptable isotropic response. [An additional consideration is that the pseudo orthogonal region (i.e., the endocuticle) constitutes at least half of the total exoskeleton thickness (Table I ). This effect contributes to an overall isotropic response of the exoskeleton.]
Finally, the three locations of the P . japonica body (pronotum, leg, and elytron) that were examined in this study display similar exoskeletal morphology, pos sibly due to the similarity of their mechanical-loading environments. These three areas are constantly exposed to the external environment, and their main function is believed to protect the beetle against external loads during movement, attack, and defense, in addition to the leg's load-bearing function. The exoskeletons are likely subjected to bending, shearing, and compression as investigated above. Other body parts may experi ence different loading conditions and thus have differ ent morphology in the exoskeleton. For example, the chitin fiber orientation was found to be approximately perpendicular to the external surface in the head artic ulation cuticles, possibly due to the uni~ue mechanical environment (e.g., friction and wear). 2 All of these observations support the notion that the exoskeletal structure adapts to the local mechanical and chemical environments. A similar strategy is expected for the mechanical properties of other exoskeletons, as for example shown in a recent study in armored fish scale. 13 
IV. CONCLUSIONS
This study investigated the exoskeletal microstructure of a common insect, P . japonica (Japanese beetle), and the implications the observed microstructure has on the exoskeleton's mechanical performances.
Image analysis via SEM and TEM revealed a com mon morphology in cuticles from the pronotum, leg, and elytron. All exoskeletons consist of four regions, including (from external surface and inwards and corresponding to increasing thickness) epicuticle, exo cuticle, mesocuticle, and endocuticle. The latter three regions are the load-bearing structures and are com prised of chitin-protein fiber layers orientated parallel to the cuticle surface. The chitin fibers in the exocuticle and mesocuticle are organized in a helicoidal structure, which is characterized by layers stacked with a small rotational angle relative to their adjacent layers. The endocuticle has a distinct pseudo-orthogonal pattern, which is characterized by a thin transitional helicoidal region inserted between two orthogonally stacked layers.
Idealized models of orthogonally layered structures with and without the helicoidal transitional region (cor responding to the pseudo-orthogonal and conventional cross-ply laminates respectively) were developed for evaluating the endocuticle 's mechanical response with in the linear elastic range. The mechanical response of the conventional cross-ply laminate includes disconti nuity of the normal stress and transverse shear strain at the interfaces of the orthogonal laminae due to the discontinuous material properties (assuming laminate theory within the framework of continuum mechanics). The introduction of a pseudo-orthogonal structure results in a redistribution of the stress and strain fields, including smaller discontinuities between the layers and more uniform stress and strain distribution over the cross-section. The pseudo-orthogonal structure results in reduced maximum tensile stress and trans verse shear stress in the across-section. The magnitude of the discontinuity (jump) in the normal stress and shear strain is significantly reduced as well. Further more, the interfacial strain energy release rate of the laminate is lower in the pseudo-orthogonal structure compared to the cross-ply laminate, suggesting that the pseudo-orthogonal structure may be more resistant to fracture.
The coexistence of the pseudo-orthogonal and helicoi dal structure in the exoskeleton suggests a competition between the in-plane isotropy and the interfacial strength in nature's design and manufacturing of the biocompos ite. We believe that the pseudo-orthogonal structure pro vides an overall isotropic structure with an acceptable interfacial strength, whereas the helicoidal structure pro vides overall high interfacial fracture strength with an acceptable isotropic response.
In conclusion, these results reveal interesting aspects of the strategy of the nature in designing and manufacturing functional biomaterial systems. These observations may be used to inspire and improve man-made materials and structures.
APPENDIX A: CLASSIC LAMINATE THEORY
Here, we present a short summary of the classic lami-. nate theory. This theory can now be found in many text books, and in what follows we use notations consistent with that of Reddy. 34 The linear-elastic stiffness of an individual lamina can be expressed via the stiffness matrix , Q, 34 
where El> £ 2 , and £ 3 are Young's moduli along the lamina 's principle axis; G 12 , G 13 , and G 23 are the shear moduli; and vij (i,j = 1, 2, 3) are Poisson's ratios. 34 When the laminae's principle axes are not aligned with the global coordinate system in which the structure is described, then a coordinate transformation is neces sary to express the elastic properties of laminae with various orientations within the global coordinate system. with m = cos e. n = sin e. where e denotes the lamina orientation with respect to the global coordinate system. 34
APPENDIX 8: DEFORMATION CONTINUITY AND STRESS EQUILIBRIUM IN LAMINATED COMPOSITES
Here, we will give a qualitative explanation to the discontinuities observed in the normal stress and shear strain over the interfaces as presented in Sec. III. B, by using a simple analytical approach.
The integrity of the laminated composite structures requires the continuity of the displacement field. This process can be expressed as (Fig. Al) k Moreover, Newton's 3rd law requires that the forces in the exposed interfaces are equal in magnitude but opposite in direction, when making an imaginary cross-sectioning of the interface. That is, Fk(hk) + pk+l (ht) = 0, where F corresponds to either the shear or normal force of the cross-section. Assuming that A is the area that the force is acting upon and noting that A =I-0, this result implies (using the sign convention adopted in 
APPENDIX C: LINEAR ELASTIC FRACTURE MECHANICS
The derivation of the strain energy release rate, G, of an interfacial crack subjected to tensile forces as shown in Fig. 10 will be outlined here. The interface considered is between two dissimilar materials with elastic modulus £ 1 and £ 2 (segment 1 and 2, respectively), as shown in Fig. 10 . The intact segment (segment 3) is assumed to be a perfectly bonded layered composite of the two materi als. All of the definitions and derivations are based on the LEFM consistent with the presentation by Hutchin son and Suo? 7 The strain energy release rate can be defined as follows:
where t is the thickness (out of plane) and U; refers to the strain energy (i.e., the potential energy stored in a body by elastic deformation) stored in the three seg ments in the structure (Fig. 10 ). For segments 1 and 2, the strain energy is derived based on linear elastic assumption 37 : p2a U; = Ez , i = 1 , 2 (A14) 2 ;A; where P; is the force applied to segment i, and E; and A; correspond to the elastic modulus and cross-sectional area of segment i (i = 1, 2). For segment 3, the strain energy is as follows: where P 3 and M 3 are the force and bending moment applied on segment 3, £ 3 , A 3 , and D 3 CO~l:l!spond to the elastic modulus, the cross-section area, and the flexural stiffness of segment 3, respectively. It holds that: where ois the distance of the neutral axis of segment 3
from the bottom of the segment (Fig. 10 ):
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